Crude oil with a high wax content and high pour point can be very challenging when enhanced oil recovery by surfactant flooding is to be applied. High wax content in crude oil will lead to high intermolecular interaction because of the increasing cohesion forces. It causes interfacial (IFT) tension between oil and brine to be high. Hence, oil recovery is relatively low. This paper presents formulation of an amphoteric sulfonate alkyl ester (SAE) surfactant with a nonionic surfactant (ester group) to reduce oil-brine IFT in waxy oil of T-KS field, in Indonesia. The ion-dipole forces may occur between SAE surfactant and nonionic cosurfactant molecules. The forces cause sulfonate chain to be attracted to oil phase. The formulated surfactant produces low interfacial tension between brine and waxy oil of T-KS oil field. Its ability to displace remaining oil in the pore space was also tested using coreflood tests. These tests demonstrate considerably good incremental recovery.
Introduction
The research of surfactant for enhanced oil recovery has been continuously developing. It has been long known surfactant ability to lower interfacial tension of oil-brine. Hence, it reduces capillary forces of oil-brine in the pores which results in increasing displacement efficiency and lowering residual oil saturation. Some other recognized mechanisms responsible for surfactant increasing oil recovery in the literatures are wettability alteration (Kremesec and Treiber 1976; Hirasaki et al. 2011) , interfacial charge (Sharma and Shah 1989) , interfacial viscosity (Berridge et al. 1968; Strassner 1968; Wasan and Mohan 1977) and middle-phase microemulsions (Gogarty and Tosch 1968; Gogarty 1977; Holm and Robertson 1981) . A theoretical model was introduced by Huh (1979) to predict oil-water interfacial tension as a function of corresponding solubilization ratio of oil and water in the microemulsion-phase (middle-phase). As solubilization ratio of oil and water for specific surfactant is affected by water salinity, Salager et al. (1979) showed that optimum salinity can be established as a function of surfactant structure, alkane carbon number (ACN), and alcohol type, concentration, and temperature. Recently in 2017, Torrealba and Johns presented a model that predicts interfacial tension and phase behavior for all Winsor types and overall compositions.
There have been many authors who presented and discussed sulfonate surfactant with various structures and some of them are internal olefin sulfonates mixed with alcoholalkoxy-sulfate (Barnes et al. 2010) , methyl ester sulfonates from vegetables oil (Majidaie et al. 2012) , alpha olefin sulfonates (Hosseini-Nasab et al. 2015) , mixture of alcohol propoxy sulfates-internal olefin sulfonates-C15-16 chain length 1 3 (Puerto et al. 2015) and sulfonate alkyl ester (Marhaendrajana et al. 2016) . Martiz et al. (2015) studied the synergism between ionic (sodium m, p-exylbenzenesulfonate and sodium m, p-octylbenzene sulfonate) and nonionic (lauryl alcohol polyoxyethylene ether) surfactants for producing low interfacial tension at oil-water interface. The study used mesoscopic Dissipative Particle Dynamic Simulations and laboratory experiment to predict and measure the interfacial tension, respectively. At optimum mixture ratio, they showed that addition of nonionic surfactant reduced interfacial tension of alkane/water. They suggested the main mechanism of nonionic surfactant is to produce a very wide interface and as consequence most of the lipophilic group of ionic surfactant are inside the interface, while their hydrophilic groups are on the side of the water phase. Nonetheless, study by Martiz used pure alkane and the interfacial tension was above 10 mN/m, while most enhanced oil recovery purposes require interfacial tension of oil-water below 10 − 2 mN/m. Kremesec et al. (1988) studied mixtures of anionic crude oil sulfonate and nonionic ethoxylated alcohol surfactants and they observed through laboratory experiments that low IFT and good solubilization parameter could be achieved by optimizing the HLB of nonionic surfactant. Marhaendrajana et al. (2017) showed that sulfonated alkyl ester (SAE) surfactant reduces the interfacial tensions of both heavy and light oil samples with water in a wide range of salinity with monovalent and divalent ions present. However, it was shown that optimum salinity is about 30,000 and 100,000 ppm for heavy oil and light oil samples, respectively. The oil samples have insignificant wax content.
It is the purpose of this paper to formulate the SAE surfactant to be used for T-KS oil sample with high wax content. At the same time, the formulation is needed to work for low brine salinity since in T-KS field, the brine salinity is as low as 2560 ppm. The SAE surfactant (Fig. 1) is an ester compound with a sulfonate group attached to the alkyl chains as a branch, such that this surfactant has two hydrophilic groups. By structure, SAE is an amphoteric surfactant with anion sulfonate and non-polar ester as hydrophilic heads. The formulation is conducted by mixing amphoteric SAE with nonionic (ester group) surfactants. This differentiates with previous authors who mixed anionic with nonionic surfactants (Kremesec et al. 1988; Martiz et al. 2015) or anionic with cationic surfactants (Li et al. 2016) .
The goal of this study is to determine (i) whether mixture of amphoteric SAE and nonionic ester surfactants improve the IFT of low salinity brine and high wax content oil at T-KS field, and (ii) whether the blended surfactants perform reasonably good displacement to increase oil recovery.
Materials and methods

Surfactants
This study used mixtures of an amphoteric sulfonate alkyl ester (SAE) surfactant and a nonionic surfactant, FE-18, in various ratios. Both sulfonate alkyl ester (SAE) and the FE-18 surfactants were synthesized in Organic Synthesis and Bioorganic Chemistry Laboratory, Department of Chemistry-ITB.
The SAE surfactant has a sulfonate group and an ester group on the hydrophilic group. The sulfonated alkyl ester (SAE) surfactant has 40-45% yields and melting point above 300 °C. The SAE surfactant has been characterized for the chemical structure using FTIR and LCMS. A typical FTIR spectrum of the SAE surfactant featured bands at wavenumbers of 3410.15-3448.72 (O-H alcohol), 2927 (CH 2 , asymmetric), 1722.43 (C=O, ester), 1232.51 (C-O-C, ester), and 975.98-1141.86 (S=O, sulfonate) cm − 1 . And from the LCMS measurement, the SAE surfactant appears in chromatogram at retention time 3.6 min and the mass spectrum showed that the SAE surfactant has molecular weight (MW) higher than 500 g/mol.
The FE-18 surfactant is the liquid compound which resulted at the end of synthesis SAE surfactant, and about 40% of FE-18 surfactant is produced from the end of the synthesis process. At the end of the synthesis process, both SAE and FE-18 surfactant are immiscible, which can be separated gradually. The FE-18 surfactant has 30-40% yields. The structure of FE-18 surfactant has been characterized using FTIR spectrophotometer and LCMS measurements. A typical FTIR spectrum of the FE-18 surfactant featured bands at wavenumbers of 3410.15-3448.72 (O-H alcohol), 2927 (CH 2 , asymmetric), 1722.43 (C=O, ester) and 1232.51 (C-O-C, ester) and 671.227-729.092 (C=C asymmetric stretch). And from the LCMS measurement, the FE-18 surfactant appears in chromatogram at retention time 23.2 min and the mass spectrum showed that the FE-18 surfactant has molecular weight (MW) higher than 650 g/mol. 
Oil and brine samples
The oil sample properties used in this study are as follows: wax content 36.09%, resins 0.102% (Putra 2004 ), asphaltenes 0.13%, pour point about 36-40 °C, viscosity 7.9 cP, API gravity 40.08, total acid number 3.86 mg/g KOH and EACN of 25.2.
The reservoir brine sample has salinity 2560 ppm, total dissolved solid 3430 ppm, density 0.9846 g/mL, pH 7.32, and concentration of calcium and magnesium ions, respectively, are 138 and 10.5 ppm.
IFT and CMC measurements
This measurement was conducted to determine the surfactant ability to lower the interfacial tension of oil-brine and to determine its critical micelle concentration (CMC) using spinning drop Tensiometer TX-500D at 63 ± 0.5 °C (reservoir temperature) with 6000 rpm of rotation for 30 min. The IFT measurement of each concentration is measured twice that showed repeatability and consistent results.
Coreflood tests
These tests were conducted using a coreflooding apparatus as seen schematically in Fig. 2 . The coreflooding tests were conducted to determine the incremental oil recovery by injection of formulated SAE surfactant. Berea core was used in this test. First the core was saturated by brine. Oil was then injected until displaced brine was no longer produced. The cumulative produced brine was set to be initial oil volume in the core sample. To let the fluids distributed uniformly, the treated core was aged for about 24 h at reservoir temperature.
Next stage, brine was injected with rate of 0.3 cc/min until there is no oil produced (this usually take 2-3 PV), then the surfactant injection was started with rate of 0.3 cc/min for 5 PV. This large PV injected surfactant is not normally done during implementation in the field, but our goal in this coreflooding test is to determine the ultimate incremental recovery (displacement efficiency) that could be obtained from the surfactant injection under study. This test was done for three Berea cores.
Results and discussion
Pre-analysis of surfactants Griffin (1949 Griffin ( , 1954 classified surfactants based on hydrophilic-lipophilic balance (HLB) and proposed a formula to compute HLB of ionic and nonionic surfactants. There is a correlation between chemical structure of surfactant and its physical properties (Fujimoto 1985) . Swadesi et al. (2015) conducted laboratory tests of various surfactants for Tempino field, and showed that surfactant with HLB between 11 and 12 has low interfacial tension of oil-brine, which was performed at total brine salinity 15,540 ppm. However, different oil and brine compositions should have a different optimum range HLB value. Lower HLB value is suitable for low salinity brine or for high EACN oil, and vice versa. HLB of SAE and FE-18 surfactants are 11.9 and 12.8, respectively, shown by Table 1 . Nonetheless, HLB method does not take into account the effect of some formulation variables such as salinity, hardness, temperature, alkali, cosolvent type and concentration, and cosurfactant type and concentration.
Predicted optimum salinity for SAE surfactant may be computed by Solairaj's formula (2012) . The formula is given in Eq. 1. This formula was based on Salager correlation (1979) which later generalized in term of hydrophilic-lipophilic deviation-HLD (Salager et al. 2000) . It extended to include more variety of surfactants.
( For SAE surfactant, the optimum salinity would be about 109,602 ppm while the FE-18 has optimum salinity of 77,423 ppm. Implementation of high-salinity surfactant injection is considered impractical and disadvantageous in T-KS field that has low salinity. Hence, it is attempted to mix SAE surfactant with nonionic FE-18 surfactant. Although, by prediction in Table 1 , individually, both surfactants have high optimum salinity, ion-dipole force mechanism may occur between anion sulfonate of SAE and dipole moment C=O of lipophilic FE-18. Therefore, the HLB of SAE surfactant is expected to become lower and increase the interaction to oleic phase. This mechanism is expected to provide similar effect as increasing the salinity of brine which reduces the interaction of hydrophilic head of surfactant with water phase. Optimum ratio of the mixture was sensitized by measuring IFT oil-brine.
Ion-dipole forces between SAE and FE-18
The arrangement of SAE surfactant at oil-water interface is shown by Fig. 3a . At low salinity of brine, the sulfonate group is more freely to interact with water molecules because of less competition with salt ions. This arrangement led to hydrophobic chains that interact with the oil to be reduced in number, because some of the carbon chains are in a horizontal position on the interface of oil and water.
An ion-dipole force is an attractive force that results from the electrostatic attraction between an ion and a neutral molecule that has a dipole (Israelachvili 2011) . A negative ion (anion) attracts the partially positive end of a neutral polar molecule. This phenomenon occurs when the SAE surfactant was blended with FE-18 surfactant, the SAE surfactant provides a pair of free electron as a negative charge at the sulfonate group and the FE-18 surfactant provides a neutral molecule that has a dipole at the carbonyl group (Fig. 3b) . The initial SAE structure (Fig. 3a) has HLB value of 11.9. When nonionic FE-18 is present and ion-dipole force exists as in Fig. 3b , the HLB of surfactant SAE reduces to 9.2.
IFT and CMC measurements
Mixture of SAE and FE-18 surfactants were done at ratio of 1:1, 2:1 and 1:2. The HLB of mixtures were computed using the following equation (ICI 1992; Torres et al. 2004 ).
where X A , and X B are the weight fraction of every surfactant present in the mixture. The calculation of HLB for each ratio of mixture is given in Table 2 ; SAE-01A has lower HLB followed by SAE-01B and SAE-01C. It indicates that hydrophilic head of SAE has least interaction to water phase among the three mixtures.
There is a positive correlation between HLB of surfactant mixtures and the measurement of IFT oil/water. At lower HLB, 1:1 ratio of SAE and FE-18 gives lower interfacial tension at oil-water interface. The main effect of nonionic surfactant tends to reduce the interaction of hydrophilic head to water phase due to the present of ion-dipole force between anion sulfonate and dipole C=O. The IFT values for various concentrations were plotted for the individual surfactant SAE and FE-18, and the mixtures at 1:1 ratio. It is shown in Fig. 4 . Note that the CMC value for surfactant mixture (SAE 01A) is at 2% w/w. 
Coreflooding tests
Displacement tests by coreflooding were conducted to three Berea cores, namely B3, B6 and B15. Oil and Brine were taken from T-KS field. The tests were run at reservoir temperature, but the pressure was set at laboratory condition. The oil used in this test was then considered dead oil. Brine permeability was measured as 2, 18.5 and 28.5 mD, respectively, for core B3, B6, and B15. Surfactant mixture used was SAE 01A (1:1 ratio between SAE and FE-18) with 2% concentration.
The coreflooding tests results are summarized in Table 3 . Oil recovery during water injection for the cores are considerably small (less than 15%), it is likely due to oil with high wax content. Waxy oil contains a very large hydrophobic molecules and there exists a high cohesion force between oil molecules due to the presence of high wax components. It causes high interfacial tension between oil and brine. Other factor could be due to low permeability. These result in a low waterflood recovery or high residual oil saturation after waterflood. The tests, in general, showed that injection of the selected surfactant mixture gives incremental oil recovery of the test cores up to 43.3% OOIP. Since the surfactant injection in these tests were conducted for 5 PV, for field implementation though, it needs to be optimized further for slug volume to decide if it is cost effective.
Test on core B3 (Fig. 5) shows that after approximately 2.3 PV water injection, 7.5% of original oil in place (OOIP) was recovered; thereafter, 5 PV of surfactant injection yielded 25% cumulative oil recovery. During water injection, pressure was relatively stable. Afterwards, pressure built up from 39 psi until 53 psi at about 2.5 PV injection of surfactant solution (about 3.9 total PV injected). It was an indication of oil bank formation. During the time, additional oil was recovered which was revealed by decreasing water cut and increasing in cumulative oil recovered. Since then, water cut increases and pressure decreases to slightly below the value during water injection at 5 PV injected. At this time, surfactant is said to be no longer effective, and may be replaced by water injection. The incremental oil recovery, though, is small (about 17.5% OOIP for 5 PV of injected surfactant). Test on core B6 (Fig. 6) shows that after approximately 2.7 PV water injection, 11.5% of original oil in place (OOIP) was recovered; thereafter, 5 PV of surfactant injection yielded 42.2% cumulative oil recovery. The incremental oil recovery was about 30%. During water injection, pressure was relatively stable similarly as it was observed on Core B3. As oil bank was formed and was mobilized, the pressure increased and oil production also increased (as well as water cut was decreasing). The pressure remained increasing and water cut remained relatively flat. The pressure increased from 45 psi to 70 psi.
Test on core B15 (Fig. 7) shows that after approximately 3.2 PV water injection, 11.7% of original oil in place (OOIP) was recovered; thereafter, 5 PV of surfactant injection yielded 55% cumulative oil recovery. The incremental oil recovery was about 43.3%. During water injection, pressure was relatively stable similarly as it was observed similarly in the two previous tests. As oil bank was formed and was mobilized, the pressure increased and oil production also increased (as well as water cut was decreasing). The pressure increased from 38 to 57 psi. After about 4.5 PV surfactant was injected, water cut increased and it suggested that continuing surfactant injection was no longer effective.
The three coreflooding tests showed incremental recovery from about 17-43% incremental recovery by continuous surfactant injection; however, it required an inefficient large number of about 5 PV of 2% surfactant concentration to be applicable for field relevance. Small surfactant slug followed by polymer slug and chasing water was tested in the laboratory. Polymer was meant to provide better volumetric sweep efficiency to improve oil recovery with less volume of chemical injected. After water injection of a saturated berea core with oil and brine until reaching approximately residual oil saturation, the scenario was to inject with 0.5 PV surfactant SAE-01A followed by 1 PV polymer slug and chased by water injection. Polymer viscosity was about 15 cp (2000 ppm concentration of polymer) at reservoir temperature to achieved optimum mobility ratio. Core properties were dimension 3.285 cm of length × 2.54 cm of diameter, porosity 17.41%, brine permeability 7 mD, and initial oil saturation 62.66%. Coreflooding result is shown in Fig. 8 . At approximately 3.2 PV water injection, 16% of original oil in place (OOIP) was recovered, which approximately leaves residual oil in the core; thereafter, 0.5 PV of surfactant injection and 1 PV of polymer yielded 37% cumulative oil recovery. The incremental oil recovery was about 21%. Coreflood was completed by injecting chasing water which gave additional incremental oil recovery of 7%. Total incremental oil recovery from this injection scenario was 28%. Compared to 5 PV continuous surfactant flooding, the scenario of combining 0.5 PV surfactant and 1 PV polymer injection presented much more relevant case for field application.
Conclusion
HLB value by Griffin is useful as pre-design tool to obtain suitable surfactant to reduce IFT of oil-brine. The amphoteric SAE surfactant performance can be improved by the addition of nonionic FE-18 surfactant for reducing the interfacial tension of waxy oil and brine. It is possible mainly due to the surfactant arrangement at the interface of oil and brine. The SAE surfactant provides a pair of free electron as a negative charge at the sulfonate group and the FE-18 surfactant provides a neutral molecule that has a dipole at the carbonyl group. This ion-dipole force reduces the interaction of sulfonate compound to water phase.
Ratio of 1:1 w/w concentration between SAE and FE-18 surfactants (named as SAE-01A) was determined to be best combination mixture. This surfactant mixture reduces IFT between brine and waxy oil, and it also increases oil recovery. The coreflooding tests resulted in incremental oil recovery by surfactant flooding between 17.5 and 43.4% for the tested cores. For field relevance, the injection scenario was improved by injecting combination of 0.5 PV surfactant slug and 1 PV polymer slug followed by chasing water. The scenario provided more efficient chemical volume, and resulted in total incremental oil recovery 28%. 
